Multi-spectral imaging (MSI) has made diagnosis of microscopic samples considerably easier and information abound. Most MSI systems use continuum light sources and filters for imaging purposes. However, these light sources and filters are relatively expensive, unstable due to extreme pressure and temperature and associated with prolong acquisition time. In this work, we present a metallurgical microscope retrofitted with light-emitting diodes (LEDs) as illumination sources for MSI microscopy. This multispectral LED imaging microscope (MSLEDIM) is relatively cheaper and capable of acquiring images in reflection, transmission and scattering modes at thirteen (13) different wavelengths ranging from ultraviolet to near infrared. The microscope has been demonstrated in biomedical and entomological research fields. The MSLEDIM can be used in various scientific research fields for imaging microscopic samples.
Introduction
Multi-spectral imaging (MSI) has been suggested as a non-destructive method used in many applications to quantify biological processes (Hu et al., 2005; Frey & Warda, 2008; Teikari, 2008; Bautista & Yagi, 2011; Cosentino, 2015) . MSI is the technique of imaging samples using more than one (1) wavelength, extracting spatial as well as spectral data information out of the samples (Hu et al., 2005; Park et al., 2007; Cosentino, 2015; Shrestha & Hardeberg, 2015) . Some of its applications include magnetic resonance imaging (MRI), biometric pattern recognition, retinal physiology, non-image forming (NIF) responses of light, plant physiology, accurate colour reproduction, colour enhancement, digital staining and soil texture determination. On the microscopic level, MSI reveals symptoms of hidden diseases in specimens such as cells and tissues (Prasad, 2003; Lichtman & Conchello, 2005; Coffey, 2012; Merdasa et al., 2013; Opoku-Ansah et al., 2014) .
For years, most MSI systems use broad light sources and filters for microscopy. This is done by selectively transmitting and imaging light of different wavelengths from the broad light source of the microscope. During MSI application in microscopy, the selective transmission of light with different wavelengths by the filters depends on the stability of the spectrum of light source used and the time required during acquisition. However, the spectra produced by most light sources used in MSI microscopy are unstable due to extreme pressure and temperature. The filters used may also degrade with time. Besides, there is very little information about the chemical nature of the investigated samples when using the filters due to lack of spectral content in the images. More so, the light sources have limited number of spectral bands with relatively long acquisition time. This introduces uncertainties which lead to sample photo-bleaching and photo-kinetics, which may cause non-linear absorption and fluorescence (Brydegaard et al., 2011) .
Light-emitting diodes (LEDs) as illumination light sources in MSI microscopy have made imaging easier and cost effective (Schubert, 2006; Brydegaard et al., 2011) . Also, the stability of spectrum has been improved; modulation speed has increased to the sub-nanosecond scale and with a major reduction in losses during illumination (Herman et al., 2001; Cole & Turner, 2008; PicoQuant, 2011) . LED Wavelengths currently available range from 240 nm to 7 μm (Roithner Laser Techniques, 2011) .
In this work, we present a retrofitted metallurgical microscope which uses nine (9) LEDs emitting a total of 13 wavelengths ranging from 375 nm to 940 nm. These are used as illumination light sources for MSI in reflection, transmission and scattering modes.
Instrumentation
Components used for retrofitting the metallurgical microscope are classified into three main categories, namely: mechanical, optical and optoelectronic components.
Mechanical Components
The mechanical components of the MSLEDIM are the main metallic frame of the metallurgical microscope (SP-80, Brunel Microscopes Limited, 2009) , three plastic holders for holding LED chips and a brass tube. The plastic holders have a heat sink, locking ring, and contact carrier assembly. The brass tube is made from brass chemically treated to remove its reflective surface.
Optical Components
A fibre ring (FB), consisting of a number of fibres bundled together and guided from a glass-polished end-face into anodized, aluminum housing, is used to diffuse the light in 360° around the central axis. An optical objective (Reflx™, Edmund Optics Inc.) based on reflective optics, with amagnification factor x15 and numerical aperture (NA) 0.28, is used for collecting and focusing of the light. This objective produces superior quality images over a broad spectral range. An optical diffuser (Edmund OpticsInc.) is used to achieve Lambertian distribution of light. Three (3) sets of 9 LEDs each were used as illumination light sources in reflection, transmission and scattering modes respectively. One of the LEDs emit 3 central wavelengths; 470 nm, 525 nm and 810 nm, while 2 others emit 2 central wavelengths each; 375 nm and 625 nm, and 400 nm and 850 nm respectively. Six LEDs emit single wavelengths at 435 nm, 590 nm, 660 nm, 700 nm, 750 nm and 940 nm.
Optoelectronic Components
A complementary metal-oxide-semiconductor (CMOS) imager (Guppy F-503B, NT63-371, Allied Vision Technologies © ), with a resolution of 2592x1944 pixels was used for image acquisition. The power of the CMOS imager is supplied via IEEE-1394 cable by a laptop computer (PC). National instrument data acquisition device (NI-DAQ), (model USB-6009, National Instruments © , 2009) was used to bridge the computer and switching of the LEDs. The DAQ has the ability to display both analogue and digital signals between 0-5 V in several channels and also the ability to retrieve an analogue signal. Figure 1 shows a schematic diagram of a retrofitted MSLEDIM. The LEDs were arranged and soldered unto 3 stripboards (LED mounts) to serve as the illumination light sources for reflection (M1), transmission (M2) and scattering (M3) modes. Three optical diffusers D1, D2 and D3 were placed at a common point of the optical axes of the LEDs in the plastic holders.
Assembling
The LED mounts were then placed into the three holders. The holder for M1 mode was placed at the original light position, the second was fixed at the bottom to serve as illumination light source for M2 mode while the third was placed at the back, below the microscope handle, as light source for M3 mode. Resistors, transistors, operational amplifiers and diodes were put together on the stripboard to form an electronic circuit board (ECB) which controls the LEDs. This was placed beneath the microscope and linked to the various plastic holders with connectors. The NI-DAQ was also placed beneath the microscope with the input and output channels connected to the ECB. A binocular head which contains the eyepiece lenses was removed and a piece of black tape used in its place to prevent stray light. One end of the FB was placed at the emanating point of the transmission light source while the other end was linked to the holder for M3 mode. The trinocular head of the microscope was removed and replaced with the camera which was mounted on a support. The signals from the imager are controlled via the laptop computer using a developed Matlab program (R2014a Matlab 8.3.0.532, Mathworks Inc.). The user interface of this program is shown in Figure 2 . 
Mode of Operation
A Universal serial bus (USB) from the imager and the NI-DAQ are plugged into USB ports on the computer. The power supply and the computer are then switched on, and the Matlab program launched from the computer. M1, M2 and M3, representing reflection, transmission and scattering modes respectively, are then selected from the geometry icon. Light from the LEDs in M1 mode is scattered by a diffuser (D1), and brought onto focus by a convex lens (LS1) and then diverged by a concave lens (LS2). The light then incidents on the beam splitter (BS) from which 50% is reflected towards the sample on the sample stage (SS) and the rest transmitted. The reflected light then moves through the Reflx™ objective (OB2), reflects on the sample and directed through the BS again. At the same time, 50% of the reflected light is reflected towards M1 while the other transmitted 50% is focused by a convex lens (LS4) towards the imager and captured by it via the computer (a 32-bit Intel (R) Core (TM) 2 Duo CPU Toshiba Satellite Pro laptop with processing speed of 2.00 GHz). Similarly, light from the LEDs in M2 mode is scattered by a diffuser (D2) and focused by a convex lens (LS3) onto the sample where the light is transmitted through the sample on SS. The transmitted light is focused by LS4 towards the imager to be detected and captured by the imager using the computer. In the M3 mode, light from the LEDs is scattered by a diffuser (D3), passed through the FB and scatterd around SS before illuminating the sample on SS. The transmitted light via the sample then passes through OB2 which brings it into focus before being incidenced on BS, which divides the light into two equal halves. The transmitted light is brought to a focus by LS4 after which it is detected by the imager and captured using the computer. Figure 3 shows spectral sensitivity range of the Guppy F-503B CMOS imager. The figure shows the 13 wavelengths range of the LEDs in the MSLEDIM. The highest spectral sensitivity peak is located at 590 nm. This renders the imager more sensitive to light at this wavelength, resulting in images of samples captured (at this wavelength) to be brighter than those captured at the other wavelengths. Figure 11 . There are significant differences in the RGB-pixel histogram and the scatter plot of all the samples. Such quantitative information lends itself to discrimination algorithms using RGB. The iRBCs and human skin images (Figures 6 and 10) show a very unique RGB pixel histogram depicting high pixel intensities for R and B colours. This could be attributed to the high reflectivity of R and B colours which dominates over G colour in these samples. The wing of a bee image ( Figure 7) shows a pixel histogram with high pixel intensities for B colour only. This means that the B colour is significant in the veins of the wing of the bee. The iRBCs, human skin and wing of a bee images show broader pixel histogram for the B colour. This could also be attributed to the reflectivity of the B colour to the human eye which dominates over the R and G colours in these samples. The RGB scatter plots of iRBCs, wing of a bee, white kidney and human skin show slightly high scattering of the pixel intensities than that of maize pollen. This observation could be attributed to the uneven light intensities transmitted by the imager to the iRBCs, wing of a bee, white kidney and human skin on the sample stage. Besides, the scatter plots show majority of the pixel intensities of iRBCs, wing of a bee, white kidney and human skin in the G and B colour regions indicating the sensitivity of these samples in the RGB colour domain. 
System Testing

Conclusions
Light sources used in MSI microscopy have restricted number of spectral bands associated with comparatively long acquisition times. This leads to sample photo-bleaching and photo-kinetics and ultimately unstable spectra. A retrofitted metallurgical microscope has been demonstrated for multi-spectral imaging. This new microscopic imaging system uses a relatively inexpensive set of 9 LEDs each as illuminating sources in reflection, transmission and scattering modes respectively. Each set of LEDs emits 13 wavelengths as light sources and is capable of acquiring megapixels microscopic images ranging from UV to NIR, making the imaging system an attractive tool for research. Images from this microscope are in grayscale colour model, which is device-independent and therefore colour information is unaffected by intensity manipulation. The results from the demonstrations show that the system is versatile and can potentially be used in biological and biomedical research.
